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Preface 
This report describes the work and the results achieved by Risoe DTU during its 
participation in the EFP-2006 project ”Lavfrekvent støj fra store vindmøller– 
kvantificering af støjen og vurdering af genevirkningen” “ 
                                                       
Risø-R-1637(EN)                                                                4 
 Summary 
 
A considerable research on low frequency noise from wind turbine rotors was performed 
in the period from the late seventies to the mid nineties in particular in US and to some 
extent in Sweden.  The reason was that in these two countries a number of MW turbine 
with a downwind rotor was build in this period and in some cases the low frequency 
noise (LFN) caused annoyance of people living in the neighborhood of the turbines. The 
research led to the development of a code for prediction of LFN and this code has been  
implemented at Risoe DTU.  
In previous studies at Risoe DTU the LFN for downwind rotors has been investigated 
using this model. It was found that the unsteadiness of the flow behind the tower 
contributed significantly to the total LFN sound pressure level (SPL) with as much as 20 
dB. 
During the present project the causes of LFN for upwind rotors has been investigated. A 
3.6 MW turbine has been modeled with the above mentioned noise prediction model. 
Running the model on this turbine a number of important turbine design parameters with 
influence on the LFN have been identified as well as other parameters not linked to the 
turbine design. Of important parameters can be mentioned 
• rotor rotational speed 
• blade/tower clearance 
• rotor configuration - upwind/downwind 
• unsteadiness/turbulence inflow 
Further the directivity characteristics of LFN has been computed as well as reduction in 
noise as function of distance from the turbine. 
In general low levels of LFN has been computed for the upwind rotor in standard 
configuration. 
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 1 Introduction 
 
At the beginning of the development of the modern wind turbines in the late seventies 
different rotor concepts were considered and investigated. Among them was the two-
bladed teetered downwind rotor which has both advantages and drawbacks compared 
with the three-bladed upwind rotor. One of the main  advantages of the downwind two-
bladed rotor is that the use of a teetering hinge can effectively reduce the bending 
moments transferred to the shaft when compared with a rotor with a stiff hub. Finally,  a 
free yawing or high flexible yawing rotor concept is easier to obtain on a downwind 
rotor due to the restoring yaw moment from the rotor thrust. 
However, a major drawback of the downwind rotor is a considerable generation of low 
frequency (thumping) noise  typically in the range from 20 to 100 Hz which can cause 
annoyance of nearby residents. Low frequency noise was experienced  on the MOD-1 2 
MW turbine1 2  and other downwind turbines in US   as well as on the 3 MW Maglarp 
turbine3 in Sweden. On all turbines the noise generation was linked to the blade passing 
the wake behind the tower, Figure 1, which for the Swedish turbine was a tubular tower, 
whereas the MOD-1 turbine had a lattice tower with four main poles.  
 
 
Figure 1 The disturbed flow behind the tower results in highly unsteady 
aerodynamic blade forces which in the final end is the main cause of low frequency noise 
(illustration from Wagner4). 
A summary of the low frequency noise results from 8 different turbines in US  were 
presented by Sheperd and Hubbard5. They present measured SPL for two two-bladed 
turbines with a downwind  rotor, Figure 2,  and it can be seen that there is a considerable 
low frequency noise which they ascribe to the bladed passing through the velocity deficit 
behind the tower. 
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 Figure 2 Measured sound pressure level (SPL) in the vicinity of two turbines 
with a down wind two-bladed  rotor. Machine B has a 79.2 m rotor and a twelve sided 
tower of shell construction. Machine A has a two-bladed 61m diameter downwind  rotor 
and a four-legged open truss tower. Direction β=180 deg. is downwind and β=0 deg. is 
upwind. d denotes the distance from the turbine. Noise due to blade passage of the 
disturbed flow behind the tower. Figure from Shepherd and Hubberd 5. 
Sheperd and Hubbard5 also present measurements of low frequency noise from two 
turbines with an upstream rotor  and with a diameter of  43 m and 95 m, respectively. 
The SPL level for the two turbines is considerably lower than for the two turbines with 
downwind rotors. The noise that is generated is described by Sheperd and Hubbard to be 
caused by irregularities in the inflow to the turbines such as terrain effects. 
The research in US on  low frequency noise from wind turbines performed in the period 
from the late seventies to the mid nineties led to the development of a model for 
computation of low frequency noise, the NASA-LeRC wind turbine sound prediction 
code by A. Viterna6. This code was implemented at Risoe DTU a few years ago and 
before the initiation of the present project. During this previous work the focus has been 
on noise generation from turbines with two-bladed, down-wind rotors. One of the main 
objectives of these previous studies has been to clarify and quantify the importance of 
the unsteadiness of the flow behind the tower such as vortex shedding. The results have  
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Figure 3 Measured sound pressure level (SPL) in the vicinity of two turbines 
with a an upwind, two-bladed  rotor. Machine C has a two-bladed 43.3m diameter rotor 
and machine D has a two-bladed 97.5 m rotor. Note that the listener direction is in the 
rotor plane 65 m and 68 m from the turbine. The cause of the noise is thought to be 
distortion of the inflow to the turbines from terrain irregularities upstream. Figure from 
Shepherd and Hubberd5. 
shown that the unsteadiness can add additional 10 dB to the noise based on a steady 
deficit and in some cases with coincidence of the blade passing frequency with vortex 
shedding frequency the increase can be up to 20 dB. These results are contained in a  
paper7 which was presented in January 2007 at the AIAA conference in Reno. The paper 
is enclosed as Appendix B in the present report. 
1.1 Contents and structure of the present report 
The focus in the present project has been on noise generation from MW turbines with an 
upstream rotor. The low frequency noise (LFN) model is first briefly described and then 
follows a number of results which are aimed at clarifying what are the major design 
parameters and other parameters influencing the low frequency noise at a listener 
position nearby the turbine. 
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 2 Description of numerical model 
 
2.1 The acoustic model 
 
 
 
 
 
Figure 4 The original flow chart of Viterna showing the main components and 
steps in computation of low frequency noise. (from Viterna6). 
 
The model is based on established theories and methods for computation of propeller 
and compressor noise. In a compressor there is stationary blade rows and behind 
them follows rotating blades which are passing through the velocity deficits and 
disturbances of the stationary blades. Lowson8 has developed a general theory for 
such cases relating the sound pressure level (SPL) to the Fourier coefficients for the 
unsteady aerodynamic forces on the blades. 
A number of assumption and simplifications have been made in the theory of Lowson in 
order to end up with a relatively compact model. One of the assumptions is to 
concentrate the unsteady aerodynamic forces on the blades at one radial station. 
However, for observation points not too close to the turbine this seems to be reasonable. 
To compute the unsteady aerodynamic forces the general aeroelastic code HAWC2 
developed at Riso DTU  is used. The HAWC2 code has different sub-models to handle 
the computation of the unsteady blade aerodynamics such as the Beddoes Leishman 
model for unsteady blade aerodynamics. 
The implementation of the model for computation follows the description by Viterna6. 
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 The RMS pressure variation of the nth  harmonic of the blade passage frequency is given 
by the following equations: 
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F
pa , a   are Fourier coefficients of rotor thrust and torque, 
respectively. 
p
Q
 
B    number of blades 
 s    distance to rotor in [m] 
  azimuth and altitude angle, respectively, as taken from the 
point of observation to the rotor center, cf. 
 γ ,Φ
Figure 5
rm   radius on blade, where thrust and torque is supposed to be 
concentrated 
J    standard Bessel function 
c0   speed of sound 
,s sF Q  steady thrust and steady torque, respectively. 
 
The Fourier coefficients of rotor thrust  and rotor torque a  are defined as: p
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where F and Q is rotor thrust and torque, respectively, and  T is the time for one 
rotor rev. In Appendix I different methods for computation of the Fourier 
coefficients are compared. 
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Finally, the sound pressure level SPLn for each harmonic is computed as: 
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Figure 5. Definition of azimuth and altitude angles used in the acoustic model.  
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 3 Simulations results  
 
3.1 Model data for Siemens 3.6MW turbine 
 
Computations were performed on the Siemens 3.6 MW turbine, which has been tested at 
the Høvsøre test field for MW turbines. Measurements of low frequency noise from this 
turbine have been performed by DELTA within the present project and a comparison 
with measured noise will be presented later. 
Data on the turbine necessary to run the computations were received from Siemens. The 
turbine is an upwind turbine, pitch controlled and with variable speed. The coning of the 
rotor is 3.5 deg. and the tilt is 6 deg. Together with a shaft length of  3.8 m this results in 
a distance of around 13 m from the tower center to the blade tip, when it is passing the 
tower. The tower diameter is around 2.1 m at the height where the blade tip is passing 
the tower and this gives then a clearance of about 10.9 m. The maximum average 
deflection of the blade is at 11-12 m/s is around 3.5 m but with a maximum up to slightly 
above 5 m. This gives then a minimum clearance of 6 m. 
In the simulations the turbine structure is assumed stiff. This was done because a full set 
of data necessary for modeling the flexibility of the turbine was not available. However, 
it is thought not to be a major problem as the most important parameter for the low 
frequency noise is the blade tip clearance to the tower and data for the deflection of the 
blade was received from Siemens and could be accounted for as shown below. 
 
3.2 Noise as function of wind speed 
 
Noise was computed at 6, 8, 10 and 12 m/s. The following turbine data were used: 
Table 1  Input data used for computation of noise at different wind speed 
Wind speed pitch angle rotor speed equivalent cone 
angle for blade 
deflection [deg.] 
[deg.] [rad/s] 
6 0.02 0.90 -1.7 
8 -0.08 1.24 -2.8 
10 -1.86 1.39 -3.5 
12 1.38 1.40 -3.3 
The equivalent cone angle was derived as the change in cone angle that gave the same 
deflection of the tip as was computed by Siemens on a flexible turbine. This was done in 
order to get almost the same tip clearance in the present simulations on a stiff turbine as 
computed on a flexible turbine. 
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Figure 6 Computed thrust and torque at 8 m/s. 
 
 
Figure 7 Computed SLP for different wind speeds at a position of 145 m 
downstream the rotor. 
The computed thrust and torque at 8 m/s is shown in Figure 6. The variation in both 
signals occurs three times on each rev. and is due to the blade passing the tower as well 
as the influence of the tilt of the rotor. 
For the wind speeds of 6, 8, 10 and 12 m/s the sound pressure level (SPL) at a distance 
of 145 m downstream the rotor and on the ground level, is shown in Figure 7.  It is seen 
that the up to a wind speed of 9 m/s the SPL increases as function of wind speed. The 
main parameter causing this is that the rotational speed increases as function of wind 
speed but becomes constant from a wind speed around 9 m/s. It should also be noted that 
the main SPL level is seen for frequencies below 10-15 Hz where the hearing threshold is 
high of the order of 90 - 100 dB.  
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 3.3 Noise as function of rotor/tower distance 
 
The influence of reducing the rotor/tower distance was investigated by reducing the 
length of the shaft in the turbine model used for computation of the unsteady blade 
forces. The normal clearance at 10 m/s is around 7.5 m and this distance was reduced 
with 2m, 4m, 5m and 6 m, respectively. The corresponding SPL curves are shown in 
Figure 8 and it is seen that the rotor/tower clearance is very important for the SPL level. 
 
 
Figure 8 SPL computed for different reductions of the normal distance between 
tower and blade. 
 
 
Figure 9 SPL integrated in the frequency range from 10-15 Hz and shown as 
function of different reductions of the normal distance between tower and blade.
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 3.4 Noise as function of rotor rotational speed 
 
The next turbine design parameter that is investigated is the rotational speed. At a 
wind speed of 10 m/s the rotational speed was increased with 25% and reduced 25%, 
respectively. The corresponding SPL  curves are shown in Figure 10 and a change of 
25% in rotational speed gives a change in SPL of about 14 dB illustrating that this 
design parameter also is very important for the SPL level. 
 
Figure 10 Computed SPL curves for a 25% increase/decrease in rotational speed 
and compared with normal operation. 
 
 
Figure 11  SPL  integrated in the frequency range from 10-15 Hz shown as 
function of rotational speed. 
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 3.5 Noise – rotor upstream/downstream 
 
The importance of the two different rotor concepts, rotor upstream/downstream the 
tower, is illustrated below. In the present case the velocity deficit downstream the 
tower is assumed steady but even in this case the SPL level for a downwind rotor is 
higher than for an upwind rotor where the blade/tower clearance has been reduced to 
1.5 m. 
 
 
  
Figure 13   Time trace of thrust for an 
upwind rotor. 
Figure 12   Time trace of thrust for a down 
wind rotor. 
 
 
 
 
 
Figure 14 A comparison of the SPL for an upwind and a downwind rotor. Further, 
a comparison is made with an upwind rotor with the blade very close to the tower (about 
1.5 m). 
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3.6 Influence of distance to listener 
 
The LFN model has next been used to investigate the reduction of SPL as function of 
distance to the listener. SPL curves have been computed for distances 100 m. 200 m, 
400 m and 800 m as shown in Figure 15 and in Table 2 the results are summarized. It 
is seen that the reduction in noise is 6 dB for a doubling of distance which is the 
theoretical result for spherical spreading. However, Shepherd and Hubbard report in 
their paper5 that a reduction of only 3 dB often is measured downstream a rotor due 
to atmospheric defraction. 
 
 
Figure 15 Computed SPL for different distances to listener. 
 
Table 2  Reduction in SPL as function of distance to listener 
Downstream distance to 
listener [m] 
SPL [dB] in freq. range Δ SPL 
10-15 Hz [dB] 
100  23.4 6.0 
200 17.4 6.0 
400 11.4 6.0 
800 5.4 6.0 
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3.7  Directivity – 10 m/s 
 
The directivity can be computed with the LFN model and for the 10 m/s case the 
results are shown in Figure 16 and Figure 17. It is seen that for directions deviating 
more that about 60 deg. from downstream direction there is a considerable reduction 
in SPL level, which can be up to 25 dB 
 
 
 
Figure 16 Computed SPL for different angular directions to the listener. 
 
 
Figure 17 Reduction in SPL as function of angular direction to listener integrated 
in the frequency range from 10-15 Hz. 
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3.8 Comparison with measurements 
 
For the 8 m/s case the simulations were compared with measurements performed by 
DELTA in the vicinity of the Siemens 3.6 MW turbine at Høvsøre. Comparing 
directly with the data computed so far (without influence of atmospheric turbulence) 
there is a big discrepancy between the measured SPL level and the computed level, 
Figure 18. It should however be noted that the measured values are not corrected for 
background noise and this could explain some of the discrepancy. Another cause for  
 
 
 
Figure 18 Comparison of measured and computed SPL levels. 
 
  
Figure 20   Time trace of computed thrust with 
no turbulence. 
 Figure 19   Time trace of computed thrust with 
10 % turbulence. 
  
the deviations is that what is normally denoted as broadband noise (here mainly noise 
from turbulent inflow) adds to the levels also at these low frequencies. In the validation 
of the model performed by Viterna6 the measurements are corrected for contents of 
broadband noise. However, in the present case it was instead tried to run the 
aerodynamic simulations with turbulence in the inflow. When in-flow turbulence is 
included (in the present case 10% turbulence intensity) there is a good agreement 
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between measured and predicted values. The bump around 20 Hz could be a discrete 
frequency from the drive-train. Below 10 Hz the background noise dominates the 
measurements as can be seen from the measurement reports of the individual 
measurement campaigns. 
It seems thus that in the present case the blade/tower interaction only contributes to the 
LFN level for frequencies below 10-15Hz and for higher frequencies it is more the 
interaction of the blade with the non-uniformities in the inflow such as turbulence that 
generates the low frequency noise. 
Finally, the influence of turbulence on the time trace of thrust is shown in Figure 19 and 
this can be compared with the uniform inflow case in Figure 20. 
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4 Appendix 1 
 
4.1 Test of Fourier transformation 
 
 
 
 
Figure 21 Fourier coefficients computed with different models. The one used in all 
the SPL computations is the IMSL FFT routine. 
 
Figure 22 A test was performed of the influence of  time resolution. In most cases 
1024 points for 1 rev have been used. 
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Figure 23  Further test of the influence of  time resolution. 
 
 
Figure 24  Further test of the influence of  time resolution. 
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Figure 25  Further test of the influence of  time resolution. 
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5 Appendix 2 – AIAA paper  
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